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A bstract

Analyses based 011 irradiance observati ons from space within the last one and a hall
decades have discovered variations in the entire solar spectrum and at UV wavelen gt hs on
time scales of minutes to decades. Although conside rable information has been gatlered
on the observed irradiance chianges, it ha s beconie clear that there is a residual irradiance
variability that is not explained by sunspots, photospheric faculac and chromospheric
plages, and the magnetic network. Because of the lack of guantitative physical models of
thesolar radiative output, the currentirradiance “models” liave been developed with a
simple lincar regression analysis which is not capable of distinguishing between periodic or
scasonalirradiance cornponients and their error-terms. This PAPCr egtimates the degree of
significance of theobserved variations insolar totaland UVirradiances and their magnetic
sur rogates and to provide irradiance estimates based on thie significant solar cornponer is.
In this part of the paper (Paper 1) theresults of error distributions (both instruimental

and solar noise)in solar irradiance and its ground-based surrogates are presented.
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1. Introduction

For more than one and a hall decades, solar irradiance (both holometric and at different wave
lengths) has been observed from different satellites. These irradiance obscrvations led to the
discovery of changesinsolar totaland UV irradiances on till)<’ scales from minutes to decades
(c.g. Hudson, 1 988; Lean,1 991), It has been shown that the solarenergy flux varies in parallcl
with the solar magnetic activily cycle, being higher during maxinmum solar aclivity conditions.
Thelong-termirradiance variations overihe solar cycle arc attributed to the changing cmission
of bright faculac and the magnetic network (e.g. lcan,1987). The short-term variations (on
the solar rotational time scale) in UV irradiance are related to the bright plages as they evolve
and move across the solar disk (1.can, 1 987) and to a lesser extent to the bright magnetic
network (Pap et al., 1 990). Theshort-term variability observed in the entirve solar {lux is more
complex and it is primarily determined by the combi ned effect of dark sunspots and bright
faculae (Willsonet al., 1981).

Although considerable information exists o11 solar i1 radiance variability, it has become clear
that not all the observed irradiance changes can be explained by sunspots, faculae/plagcs, and
the magnetic ' etwork (e.g. Pap aud White, 1 994). Whiile there is arcasonabl y good agrecinent
between measured total solar and UV irradiances and their nodel estimates calculated from
obscrvations of dark sunspots brigl 1 magnetic features during the declining portion of solar
cycle 2landthe rise of solar cycle '22, there is a breakdownbetweenthe observed and modclled
irradiance values during maximum and minimum sola | activity conditi ons. It has been shown
that the modelled total irradiance values underestimate the observed changes at the maximum
of solar cycle 21(] ‘oukalan d 1 .can, 1 988; Willson arid Hudson, 1 991) and solar cycle 22 (Pap
ctal., 1 994; Brandtet a., 1994). Inthe case of UV irradiance, the irradiance models cannot
account forthe slow decreasc in UV irradiance during solar minimum activity conditions. While
most of the solar indices show a {lat solar minimum background variability between 1984 and
1987, the UVirradiance slowly decreased towards 1936 and started to rise withthe growing
activity of solarcycle22 in carly 1987 (Donnelly, 1 989;Barthet a1, 1989; Pap ¢t al., 1991 ).
I'urthermore, the “remaining part” of the irradiance power spoectra after removing the effect of
sunspots and bright magnetic fecatures, including faculae, plages and the magnetic network, has
peaks around 9, 13.5, 27 arid 300 days (I'rohlich andPap,1989; Pap and IFréhlich, 1 992; Pap,
1992), and the amplitude of this residual variability depends o011 the phase of the solar cycle
(Pap and 1rohlich, 1992). It has nol been clarified vet whether these diserepancies between
the observed and talc.ulated irradiance data arc simply related to measuring uncertainties (in
both irradiance and ground-based surrogates) or they charact erize a rcal solar variability that
may be related to global effects, sue]) as large scale motions (Ribes et a., 19S5) or photospheric
temperature changes (Kulin et al., 1988). Considering that the radiative output of the Sun
is the main driver of the physical processes in the Iarth’s at mosphere arid its climate system,

this problemn has become one of the most important issues insolar-terrestrial physics. Besides



the climate implications of solar variability, the analysis of time correlation between solar
irradiance and various solar paramecters offers an additional 100] for studying the underlying
physical processes inside the Sun.

Because of the lack of quantitative physical models of solar irradiance, the current modcls,
developed with lincar regression anal yses, provide only a genera l'in formation on the observed
irradiance variations. It has been showii that the time series of solar irradiances, cither space-
borne or ground-bascd surrogates, can be regarded as “pscudo- periodic” signals with variable
spectral properties (e.g. change of periods, amplitudes, and phases) (Lean and Repoll, 1987;
I'rohlich and Pap, 1989; Pap et al., 1990a; Bo uwer, 1992). The currently used empirical mod-
cls developed with lincar regression analyses canmot distinguish between periodic or scasonal
irradiance cornponents and an error-term describing the essentially random fluctuations of the
time scries about the trend and scasonal components (Priestly, 1993). Instcad of a standard
regression model, special techniques are required to determine the spectral properties of the
investigated time series. However, the most connmonly used spectral analysis (the Fourier anal-
ysis of the whole data set) can provide misleading information since the FFourier trallsfo]’in
converts the whole signal to the frequency domain without, saving the local behavior of the
time series. A relatively new technique: called wavelet analysis has been developed to study
quasi-periodic or time-varying time series as a lincar superposition of clementary basis func-
tions -the wavcelets- that are localized in time and frequency (Scargle, 1993). This technique
has alrcady been applied to study changes in the solar radius (Vigouroux and Delache, 1993)
and the relative sunspot number (Vigouroux and Delache, 194)1).

The basic question to be addressed in this paper is the degree of significance of the observed
variations insolar total and UV irradiances as well as in their surrogates measuring solar
magnetic activity. In order to interpret the results gained from various types of statistical
analy scs, it is essential to understand and evaluate the uncertaintics in the data. Identification
of random crrors in the data sct s provide an important clue to estimate thie signal-to-noise
ratio and to clarify whether the observed sinall residual variability insolar irradiance is simply
determined by a noise component in the data or whether it clearly represents a real solar
variability. 01) the other hand, in studying lorig-teri n irradiance variabilities, the short-term
solar ch anges (less than the solar rot ation period) can also be regarded as “noise” in the spectral
analysis. The corresponding results on the crror distribution (hoth instrumental and solar noisc)
of solar irradiance and its ground-based surrogates are described in this paper (thereafter Paper
1), following the basic idea of Vigouroux and Delach ¢ (1994). Tn the sccond part (Paper 11) the
results of a time and frequency analysis with the wavelel techmique will be presented. Since the
wavelet transform is capable of taking care of unequal error bhars determined from  statistical
propertics of the data, the inverted wavelet transforms will provide better irradiance estimates
based onthe significant solar components.
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2 Description of the data

Total solar irradiance, the integrated solar flux over the entire solarspectrum, has been mea-
suredfror Il space for over adecade. TTie direct space observations of total solar irradiance
began in late November of 1978 by the Farth Radiation 1 3udget (}11{11) cxperiment on board
the Nimbus-7 satellite that was terminated in January of 1993 (Kyle et al., 1993), The KRB
experiment was a multipurpose experiment that included an electrically sclf-calibrating ac-
tive cavity radiometer with an estimated at-Jaunch accnracy of -+ /-0.5% (Hickey et al., 1988).
Limitations imposed on the 19RI solar observations by the absence of solar pointing on the
Nimbus platform sustained a noisc level in the KRB results which was estimated as -t /-0.03%
(Noyt et a., 1992) andthis low precision inhibited the recognition of intrinsic solar variability
until subscquent detection by the Active Cavity Radiometer hrradiance Monitoring (ACRIM)
experiment on board the SMM satellite (Willson ¢t al., 1981 ). The high precision irradiance
observations of the SM M /A CRIM Iradiometer started in Felruary 1980. 1 uring the first 10
mnontlis of the ACRIM obscrvations the measuring precision was so high (+/-0.002%) that cach
observed event had a solar, rather than an il st rumental, origin (Willson, 1984). In December
1980 the solar-pointing system of the SMM satellite failed and it was placed into the so-called
“spin-mode”. During this operational mode unti) May 1984, when the SMM was repaired during
a Space Shut tle Mission, the measuring precision decrcased by about a factor of 5 (from 0.002%
to 0.01%) (Willson 1984 ). After May 1984 the original mcasuring precision was restored and
the original high quality ACRI M 1 totalirradiance data were collected through November 1989
whenthe operation of the SMM satellite was terminated.

Extensive mecasurements of the solar ultraviolet irradiance have been made by the Solar
Backscatter Ultraviolet (SBUV1) experiment on the Nimbus-7 satellite between 160-4100 nim
from November 1978 th rough 1987 (Schlesinger and Cebyula, 1 992; Cebulactl a., 1 994) and
by the NOAAY and NOAAT1/SBUVZ2 instruimnents since 1985 (D onmelly, 1 {)9]; Donnelly ¢t
al., 1994). The ratio in the core of’ the Mg 280 mm line to the irradiance at the neighboring
conti nuury wavelengths (Mg 111 & 'k core:-to-wrillg ratio) has proved to be anaccurate index
of solar UV variability (Heath and Schlesinger, 1986). The Nimbus- 7 and NOAA9 Mg corc-to-
wing ratios (Mg C/w) were made consistent by means of their overlapping obscrvational time
periodin 1986, and also by mcans of the full disk Callagindex (Donuelly, 1991 ). in order
to dircetly compare the variations in total solar irradiance with the changes in the UV flux,
the ceffect of sunspots have been removed froim total i rradiance by means of the Photometric
Sunspot Index (Tudson et a., 1 982;Irohlichet al., 1 994). The Photometric Sunspot Index
(PS]) relates the observed sunspot, areas and their contrast to anet effect on the radiative output
of the observed solar hemisphere and it is corrected for the phol ospheric limb darkening. The
original PSTfunction (I1udson et, a., 1 982) was calculated on thic assumption that the arca and
temperature ratio of the umbra and penumbra are constant aivd therefore the PS1Hunction was
calculated 011 the basis of aconstantcontrast value of sunspols (details onthecalculation of 1'S1
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Figure 1. ‘The daily mean values of the SMM/ACR] M 1 total solar irradiance arc plotted
together with their standard deviations (a). T'he standard deviations versus the daily ACRIM
1 data arc givenin (b).

arcgivenby 11 udsonctal,, 1982 andlrohlichet al., 191)4). However, results of the photometry
of sunspots have demonstrated that the contrast of sunspots is not aconstant value: it changes
as a fun ction of their area (Steincgger et al., 1990) and the solar cycle (Maltby et al., 1986).
Based 011 the results of photographic photometry published by Steinegger et a. (1 990), the
1' S1 function, used inthisstudy, has been recalculated by Iréhlich et al. (1 994). Since the
solar magnetic activity is assumed to be the driving force for irradiance variability (e.g. Harvey,
1994), the full disk magnetic flux measured at the Nat ional Solar Observatory at Kitt Peak is
included in our analysis and it has been directly compared to the irradiance data.

3 Time series and their uncertainties

3.1 Study the daily standard deviations of total solar irradiance

The SM M /A CRIM 1 daily mean values and their standard deviations (thercafter ST1)) are
plotted inlig. 1 afor thetimeinterval of 1980 to 1989. The ST of the SMM/ACRIM 1 data
versus Lheir daily mecans are presented in Fig. 1b. As can be scen from IMg. 1a, total solar
irradiance continuously decrecased from the maximuni of solar cycle 21 (1 980) towards solar
minimum and started {o risc in carly 1987 with the ascending phasc of solar cycle 22 (Willson
and 11 udson, 1988). Thic increased measuring uncertainty during the spin operational niode
of thie SMM satellite is clearly sceninliig 1 a In order to study the variability of STD in
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Figure 2: The standard deviations of the ACIRIM 1 data versus the daily irradiance values
during the M ormal operational mode of the satcllite a1 ¢ plotted in (a); the same is shown for
the spin operational mode (b).

more detail, the normal operational and spin -mode data have heen separated and their ST1)
has been plotted against the daily mcan values inliig. 2a,b, respectively. While no particular
structure can be scen in the case of the spin-mode data (1ig. 2b), the ACRIM 1 data during
the normal operationalmode (I'fig. 2a) form a certa in pattern on the scatter plot diagram
of their standard deviation. Most of the irradiance values are concentrated below 0.05 W/m?
STD, whereas the outliers from that main cluster (ST >0.05) tend to be distributed around
two vertical lines. Another interesting feature of IYg. 2a is thatl the standard deviation less
than 0.05 W/m?increcases with the increasing daily mean values of totalirradiance. The higher
irradiance values represent maximumsolar activity conditions, when considerable changes are
observed in total irradiance within a day duc to the formation and evolution of big complex
active regions. Because of thelarger daily irradiance variability, the standard deviation of the
data is higher than during minimum activity conditions, when only a few and small active
regions occur on the Sun.

To further investigate the physical nature of the paticrn observed in the normal mode of
ACRIM 1 data, the quict-and active-Sul) irradiance values and their standard deviations have
beenseparated . The quiet- Suniirradiance values have been choosen for the titne interval of
July 1, 1 98410 September 30, 1986, when total solari rradiance showed only a small variability
around its mecan value. There was an obvious decline insolar activity in July 1984 and after this
time only small sunspots occurred onthe Sun. Although the magnetic solar minimum occurred
in September 1986, in October large active regions, alrcady belonging to solar cycle 22, were
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IYigure 3: The standard deviations of the normal operationalmode of ACRIM | data versus the
daily irradiance values during solar minimum are givenin (a). In (b), the plot indicates the
data with ST1) less than 0.06 W/m?. (c) shows the STD against the daily active-Sun irradiance
values. The vertical lines represent the mean irradiance values.

formed on the Sun and caused significant variability inboth UV and total solar irradiances
(Pap ct a., J 990b). Irradiance values between Iebruar y and Decemnber 1980 and after October
1, 1986 have been identified as active Sun values inthis phase of’ our study.

The scatter plot diagram of the quict-Sun irradiarice values and their standard deviations
arc presented in Iig. 3a. The verticalline represents the mean value of the quiet-Suit irradiance
(1 367.07 W/m?).¥ig.3b cousists of a particular’ part of the quiet-Sul] data with SJ]) smaller
than 0.06 W/?// 2 ‘Most of these data points (74 .3%) arc concent rated between S'11) 0.004 and
0.005 W/m?*and these numbers essentially represent the intrinsic precision of the ACRIMI
data (corresponding to ().0004 '70), in a good agreement with the published value for the average
uncertainly of the ACRIM I'data (better than -{ /-0.002%; Willson, 1984). The structures
scen in Figs. 3a, b represent a Gaussian distribution of the dat a around their mean value.
Since during solar minimumonly small variability is obscrved in total irradiance, data points
above 0.01 W/in? STD represent the randomn noise inthe data. The active-Sull values andthe
corresponding standard deviations are plotted in IFig. 3c and these data show a very similar
pattern to that seen inlig. 2 a (data points plotted for the whole normal operational time
interval). Namely, data points with STD larger than 0.05 ave again distributed around two
vertical lines. The first vertical linc is drawn at themean iiradiance value (M= 1367.36
W/m?) for the rising portion of solar cycle 22 between October 1, 1986 and June 2, 1989,
the end of the ACRIM1 data sct. The sccond vertical line represents the mean irradiance
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Figure 4: The daily mean values of the Nimbus-7/ERB total irradiance with their standard
deviations (8). The corresponding scaticr plot diagram betweenthe S1°1) anditradiance values
is plotted in(b). Thescatter plot in(¢) represents the mininnum of solar cycle 21.

value for the maximum of solar cycle 21in1980 (M =1368.35 W//m?). These two distributions
representimost closely Gaussian distributions and these data (S'1'1)>0.05) can again be regarded
as random fluctuations in the data.

The daily Nimbus-7/FRB irradiance values with their standard deviations are presented in
Iig. 4a. The FRBSTD values versus the daily means are shown in I'ig. 4b. As can be seen
from Iig. 4, the uncertainty of the Nimbus data is much higher than that of the ACRIM 1 data
duc tothe lack of asolar pointing platform and the limited nmunber of observations (Hickey et
al., 1988). Whilcinthe case of the normal operation of the ACRIM experiment more th an 800
observations were taken withina day (Willson, 1981), the R experiment had a 3-day-on and
|-day-off operationalimode through most of its operation and the nummber of observations was
limited to less than a dozen P day (Hickey et al., 198S). The Nimbus- /FERBirradiance values
do notshowthe patternsceninthe case of the normalinode 01 ACRIM data, instcad they form
a large cloud andthe data arc evenly distributed between STD = 0.05 and 0.5 similar to the
spin-mode ACRRIM 1 data. I'ig. 4¢ represents the distvibutionof the quiet-Sull ERDB values (for
the same time interval as choosen for the ACRI M T data). Altho ugh higher irradiance values
represenit maximum activity conditions similar to the ACRIM | observations, the Gaussian
distribution, that was clcarly seen inthe case of the normal mode of ACRIM 1data, is not
recognized in the ERB data because of their larger uncert ainty. ‘Themean S'1'1) values for both
the KRBand ACRIM 1 total irradiance during the quiet- and active- Sun conditions are listed
inTable 1. ‘]’able | also contains the maximuim, minimum and mean quict- and active-Sull



data min irrad | max irrad || meanirrad || micant ST |f nb points
ACRIM1 | |
all 1364.479 | 1369.70{) 1367.501 0.047 3052
spin-modc 1364.479 | 1369..526 1367.”/30 0.104 1018
normal-mode || 1365219 | 1369.709 1367.387 0.018 2034
active Sun 1365.219 | 1369.709 1367.577 0.024 12(;2
quid Sill) 1366.290 1367.672 1367.075 0.000 771
Nimbus
all 1368.57 1374.88 1372,07 0.16 4515
acliveSun 1368.57 1374.88 1372,20 0.16 3723
quict Sun 13707 | 137211 || _137147 || o015 _ | 792

Table 1: The minimum, maximum and mecan irradiance values for the SMM/ACRIM 1 and
Nimbus-7/1RB irradiance values arc listed together with the mean standard deviation and
number of data points for the whole observing time intervals as well as for the quict- and

aclive-Sun periods.

irradiance values as well as the number of the corresponding data points.

3.2 Study of the monthly dispersion of the data

Since we are especially mterested in the long-tern nirradiance variability and its relation to solar
magnetic activity, any changes shorter than the solar 1otational period have heen considered
as “nois) andremoved from the data by calculating monthly averagesin a similar way as
published by Delache and Vigouroux (1993, 1994). This uncertainty of the monthly averages,
caled dispersion (1)1 S), is calculated fromthe corresponding daily values:

, \P D= DY’
DISP = 4| =7 -
n-- 1
where D; represents the daily data within 30 days and 1) their 30 days mean.

According to the definition of the dispersion, its value represents the monthly variabitity
of thedata. Inthe calculation of the wavelel transforms of the investigated time series, these
dispersion values will betreated asnoisein a similar way asintroduced by Vigouroux and
Delache (1993, 1994). The dispersion values versus the monthly total irradiance averages arce
plotted 1 Fig. 5, where the quit e-Sunvalues arc represented by crosses and the active-Sull
values by dots. Note thatonly the¢ ACRIM 1 data have beenusedinthe discussions to follow
since they provide a more accurate measure  of the total solar criergy flux than the Nimbus-
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Figure : The dispersion values againts the monthly means of the ACRIM 1 total irradiance.
The crosses represent the minimum of solar cycle 21, whercas the dots refer to solar maximurn
aclivityin 1980 and the increasing solar activity conditions {from October 1986 to Junc 1989.

T/VRBirradiance values. The dispersion values were also calculated {or the spin-mode data
since the monthly averages smooth out the large dai] y fluctuations partly arising from mcasuring
uncertaintics. A s can be scen, the dispersion values are higher during active-Sun conditions,
similar to the scatier plot diagrams of the STD and ACRIM 1 daily irradiance values presented
inlig. 2aand I'ig . 3c. Since inthis casethe “crror”, the calculated dispersion, means real solar
variability, this confirms that the higher standard deviation of the ACRIM 1 data during higher
solar aclivity is rclated more to solar eflects than to instrumental uncertaintics. Although the
mosses, representing solar i ninimum activity values, arce concentrated around the 1367 W/m?
minimum irradiance value, the diflerence between their maximum and minimum val ues exceeds
0.5 W/m?(note that the full range of the observed solar cycle variability in the month] y averages
of ACRIM totalirradian cc is about 1.8 W/m?). This indicates that the solar minimumfortotal
irradiance may not be correct] y determined from a sitnple st udy of the surface manifestations
of solar magnctic activity. To further examine the change of the dispersion over the solar
cycle and to establish the real tiine of solar minimum for total solar irradiance, the dispersion
diagrams have been plotted 011 a yearly basis (I'ig. 6). As can be seen from Fig. 6, there 1s an
obvious paltern in the ACRIM 1 dispersion diagrams and this pattern changes as a function
of thesolar Cycle. 1 )uring solar 1ninimum the dispersion values forim a concentrated cluster of
data, thisfcature is the most pronounced during 1986. It is interesting to nole that towards
maximum activity conditions this cluster is less and less compressed and the variability within
the clu ster shows alarger range b etween 0.5 and 1.4 W/m? . Based on the definition of the
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dispersion, the variation within a parti cular cluster is related to the short-term changes duc to
the effect of active regions, whercas the change of the position of dispersion clusters over years
represents thie solar cycle variation in total irradiance. Thercfore, study of the shape and rate
of compression of the dispersion clusters may provide a1, additional and useful tool to estimate
and predict e time of maximuoim and minimum solar activity conditions for solar total and
UV irradiances as w c]] as for additional solar paramecters.

The dispersion values have also been calculated for the Mg c/w, 1'S1 andmagnetic flux
values8 in order 1o provide an error bar for these data since no st andard deviations arc available
for their daily values (cither because they are not published or because there are only 1-2
observations PCr day). Besides providing error bars for the wavelet analysis, the dispersion
diagrams have also been examined to clarify whether the cluster structure found in the case of
the ACRI M data is a general pattern for other solar indices. ‘1'0 directly compare the temporal
variation of total solar and UV irradiances, the eflfect of sunspot s has been removed from total
irradiance by mcans of the 'S1 function. The time series of total irradiance corrected for sunspot
darkening (Sc = ACRIM 1 + PSI), the Mg ¢/w ratio, PSland the fun disk magnetic flux are
presented in Fig. 7(a) to (d). 1t is interesting 1o note that while the maximurmnactivity level {for
UVirradiance is almost identical during solar cycles 21and 22, the strength of the mmagnetic flux
is much higher during the maximum of cycle 2’2 thanduring cycle 21. An additional difference
is obvious fromi these time series: the UV irradiance rcaches maximum activity values before
the magnetic flux during both solar cycles. In addition, both UV andtotalirradiance corrected
for sunspot darkening start to rise prior to the magnetic flux atthe beginning of the ascending
phasc of solar cycle 22, as has already beenpointed ou, by Papet a. (1 995).

The yearly dispersion diagrams of the Mg ¢/w ratio from 1979 to 1991 are presented in
Figs. 8 and 9. As can be scen, the dispersion of the Mg c/w dataalso forms a cluster structure,
similar to total irradiance. It is interesting to note t hat between 1979 and 1981 the shape
of these clusters is almost vertical and the datl a points fluctuat ¢ around 0.28. T'his structure
demonstrates that the Mg c/w had about a 3-year-lollg flat maximum variability during solar
cycle 21. T'he dispersion cluster started to move toward lower Mg ¢/w values in1982; although
the extended shape of the cluster indicates that the short-terin variability still was significant
at the beginming of the declining phase of solar cycle 21. The dispersion clusters had become
111071’ (: compressed by 1984, however these clusters were never as compressecl as the ones for total
irradiance during minimum activity cond itions. This feature indicates that the short-term UV
variability is significantly higher during minimum activity condition than is the total solar flux.
These dispersion diagrams place the minimum time of UV irradiance in 1985 and 1986, and as
can be seen from Iig. 8, a slight increase in the Mg ¢/w started in1 987. The pattern in the
dispersion diagrams for 1989 1o 1991 (see 1'ig. 9) was very similar to that of the maximum of
cycle 21, demonstrating that the two maxima of solar cycles 21 and 22 were alimost identical
inthe case of the UV flux. The dispersion diagram for 1992 snows that a sudden decrease in
the UV irradiance occurred during this period and the amplitude of this decrcase was as large
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as that of the observed decline between carly 1982 and the end of 1983. This sudden decrecase
of UV irradiance happened between February and Junc of 1992 (White ¢t al., 1994) and was
causcd by the disappearance of the magnetic activity inthe southern solar hemisphere (Harvey,
1994). Itisinteresting to note that the structure of the dispersion diagram of the Mg c/w ratio
during 1994 is very similar to the dispersion diagram for 1985-1986 indicating that the UV
irradiance may have already rcachied the mininmum activity conditions of solar cycle 22 orits
value is very close to the minimuin value observed during solar cycle 21. 1 lowever, it must be
kept inmind that this prediction is based onstudying a data set covering only onc and a half
solar cycles. Considering that the variability insolar UV (and total) irradiance may be diflerent
fromone cycle to another one, further studics of solar irradiance t iine serics covering scveral
solar cycles arc required to develop a statistical] y significant incthod for predicting accurately
the maximuim and minimum activity conditions.

We note that similar clusters have beenfound inthe rest of the investigated data, indicating
thatl the dispersion diagrams provide a helpful tool in studying long-term changes in various
solar activity indices. Inthe discussion] to follow we will concentratconly 011 thestructure
of the dispersion diagrams during minimum activity conditions in order to better estimate
the minimum time of solar total and UV irradiances and themeasures of {he solar magnetic
activity. IMig. 10 shows the dispersion diagramns for the ACRIM 1 total irradiance (a), Sc¢ (b),
Mg c/w (c), 1’S1 (d), andihemagnetic flux (c). The dots represent data {or 1984, crosses
for 1985, diamonds for 1986, and stars for 1987. A's the distribution of the dots (data for
19S4) showsinI'ig. 10, parl of 1984 belonged to the declining portion of solar cycle 21. The
beginning of the minimum of solar cycle 21has been determined for each data set by studying
the distribution of the dots on a monthly basis. The ending dale of solar minimum has been
determinedin asimilar fashion: the distribution of stars (representing data points for 1 987)
made it possible to determine whethier these data belonged to the cluster of minimum activity
values. 'T'he estimated solar mininmum intervals (begining and ending dates) and the length of
the minimuin of solar cycle 21 for solar total and UV irradiances as well as for the magnetic
surrogales are listed in Table 2. These results give anadditional evidence that solar indices
representing strong magnetic field, such as the full disk magnetic flux and 'S1, rcach minimumn
activity conditions a fcw months before solar irradiances and both total and UV irradiances
start to rise prior to the magnetic flux at the beginning of solar cycle 22 (Pap et al., 1995).

IMigs. 11(a)-(c) show the dispersion diagrams of the ACRIM | (a), Sc (b), Mg c/w (c),1'S]
(d), and the magnetic {lux (c), including both quiet- and active- Sun values. The crosses on each
plot represent the minimuin activity conditions for the time intervals shownin “1"able 11 and
the dots indicate the active-Sun values including data for maximuin solar activity conditions
as w c]] as for the decline and rise of solar cycles 21and 22. Note thal the investigated time
series cover diflerent time intervals and this docs not alow a detailed analysis of the dispersion
diagrams for maximum solar activity. This is especially true for tolal solar irradiance, for which
there are no high precision observations covering the whiole tinne interval of the maxima of solar
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Time Series Beginning of Minimum Jnd of Minimum Length
ACRIM1 Jammry_ié—85"—' | August, 1987 || 32 months
ACRIM1+ 181 January 1985 March 1987 27 months
1'sl August 1984 October 1987 3941110111,11s
Mg ciw January 1985 March 1987 27 months
Magn. ficld ____Augustl 1984 _ December1987 || 41 months

Table 20 'The beginning and ending dates of minimum solar activity conditions during solar
cycle 21 {for the investigated time serics. These dates were estimated from analyzing the time
series as well as from the dispersio n diagrams presented in 1%g. 10, The length of the estimated

solar minimum is also given in months.

Cycles 21 and 22.

As can be scen from Figs. 11(a)-(c), the relation between the dispersion, “the error bar”, and
the mont hly averages of the data is quite different for solar minimum and active-sul] conditions.
Inthe case of solar irradiance (both bolometric and the UV [lux) as well as the magnetic
flux data, themminimum values arc concentrated along almost a vertical line indicating the
fluctuationis of these data around their mean at the time of solar minimum. In contrast, in the
case of the PSI{unction the regression lines for both quiet- and active- Sun conditions converge
towards zero because the value of PSIis always zero in the absence of sunspots, independent
of the phase of the solar activity cycle. Another interesting feature can be recognized in these
dispersion diagrams, namely the scatter of the data is ymuch larger for higher data values. This
arises from the larger variability in the data during solar maximum duc to the changes on active
regiontime scales. This feature is most obvious in the case of the Mg ¢/w. The distribution of
the maximum values of the Mg c/w ratio is related to the several ycars long maximum activity
of bothsolar cycles 21and 22, as has already been seen inlig. 6. These results indicate that
the error bars talc.ulatcd from the monthly averages of the data depend 011 the phase of the
solar cycle and this fact hasto be taken into account when the significant components of the
Fourier and/or wavelet transforms above the noise level are caleulated from the time series.
Application of the results discussed in this paper to the wavelet analysis will be presented
in the sccond part of our paper and this analysis will lead to a better understanding of the
discrepan cies found between observed and modelled irradiance valuces.

4 Conclusions

Although considerable information exists onsolar irradiance variability, the underlying physical
Y y phy
processes arce nol well understood. It has not yet been clarified whether the residual variations
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intotal and UV irradiances after i emoving the effect of sunispots and bright magnetic features
(sce Pap and I'rohlich, 1 992) are related to real solar effects or they are simply determined by
a noisc component in the data. In this paper we have applied a new method, following the
original idea of Vigouroux andDeclache (1 994), 10 evaluale and understand the uncertainties in
solar irradiance (both bolometric and UV flux) and magnetic activity indices, such as the 1S]
functionandthe full disk magnetic flux. It has beenshown that investigations of the scatter plot
diagrams between daily solar irradiance mcasurcments and their statidard deviations provide
an important {ool to separate the ratidom fluctuations i elated to inst rumental effects from real
solar variations.

Inorder to provide crror bars for the wavelet analysis, to be describedinthe second part of
this paper, the short-term variations were removed from the data by creating monthly averages.
The distribution of this “solar noise” has been studied in det ail in this paper. It has been
demonstrated that the dispersion diagrams contain important information about il e long-
term changes in various solar activity indices. A cluster structure of these diagrams has been
discovered and it is shown that tile shape and the compressiort of these clusters change as
a Tunction of the solar cycle. These investigations can provide an important new technique
in predicting the time behavior of solar activity indices and estimating the occurrence of the
maximum and minimuin of solar cycle. Qur results confirm that the length of the solar minimum
is diflerent for solar total and UV irradiances and theincasures of solar magnetic activity and
that there is a phase shift between the changes in the solar magnetic flux and solar irradiance
al the beginning and the end of solar minimuin as was found by Pap et al. (1995).

In the sccond part of our paper, we will examine the variations in solar irradiance and meca-
surcs of the solar inagnetic activity with a wavclet technique. Using the error bars determined
from the statistical propertics of the data in the current analysis, we will invert the wavelet
t~allsfol’ills that containonly the significant solar componentsin orgee tobetterunderstandthe
relation between solar magnetic activity andirradiance variabi 1 it y.

A cknowledg ements: 1'he rescarch described in this paper was carried out by the Jet Propul-
sion laboratory, California Institute of Technology under a contractwiththe National Acronau-
tics and Space Administration (J. M. Pap) and by the laboratoire Cassini, associ¢ au C. N.R.S.
(U.R.A. 1362) of the Observatoire de la Cote d’Azm (A, Vigouroux). The SMM/ACRIM 1
data uscdinthis study have been produced by the Active Cavity Radiometer Irradiance Mon -
itoring Group at .11'1,. The Nimbus-7/1KRB data were kindly provided by Dr. D. Hoyt. The
NOAA/$) Mg cw ratio have been processed at NOA A/ SEL and were provided by J,. Puga
for this analysis. The NSO/Kitt Peak magnetic data used here are produced cooperatively by
NSF/NOAO, NASA/G SIFC and NOAA/SEL and provided by courtesy of Dr. 3. Harvey. The
useful comments of Drs. R Donnelly, I8, Fossat and L. Puga are highly appreciated.

20



References

Barth, C. A., K. Tobiska, G. Rottman, and O.R. White, Comparison of 10.7 cmradio flux with
SMIS solar Lyman alpha {lux, Geophys. fles. Letl., 17, 571-574, 1990.

Bouwer, 1)., Periodicitics of solar irradiance and solar activily indices, 1, Solar Physics, 142,
365-389, 1992.

Brand{, P. N., M. Stix, and W. Weinhardt, Modelling solar irradiance w th an arca depended
photometric sunspot index, Solar Physics, 162, 119-124, 1994.

Cebula, R.P.; . Hilsenrath, and M.'T. Deland, Middle ultraviolel solar spectral irradiance
ncas grements, 1985-1992, from the SBUV/2 and SSBUV instrut nents, In The Sun as a
Variable Star: Solar and Stellar Irvadiance Variations (eds.J. M. Pap, C. Irohlich, 11.S.
Hudson, and 5.K. Solanki), Cambridge Univ. Press.. 81-88, 1994,

Donnelly, R. 1., Handbook, for MATP (eds. J. Lastovicka, 1. Miles, and A. O 'Neill), 29, 1, 1989.

Donnelly, R.)'., Solar UV spectral irradiance variations, J. Geomagned. Geoeleel . /3 Suppl.,
835-843, 1991.

Donnelly, R.J., O.R. White, and W.C. Livingston, The solar Ca Il K index and the Mg 11
core-to-wing ratio, Solar Physics, 152, 69-76, 1994.

Foukal, 1'. and J. Lean, Magnetic modulation of sola r luminosity by photospheric activity,
Ap.J., 828, 347-357, 1988.

I'rohlich, C.and J. Pap, Multispectral analysis of total solarirradiance variations) Astron.
Aslrophys., 220, 272-280. 1989.

Irohlich, C., 3. Pap,and 11. S. Hudson, inprovement of the Photometric sunspot index and the
changes of the sunspot contrast within the solar cycle, Solar Physics, 152, 111-118, 1994.
Harvey, K., 1 rradiance models based onsolar magnetic fields, In T'he Sun as a Variable Star:
Solar and Ste llar Irradiance Vai i ations (eds. J.M. Pap, C. Frohlich, 1L.S. Tludson, and S.K.

Solanki), Cambridge Univ. Press., 217-225, 1994.

Heath, D. 1. and B. M. Schlesinger, The Mg 280-11111 doublet as a imonitor of changes insolar
ultraviolet irradiance, J. Geophys. Res., 91, 8672-, “1 986.

Ilickey, J.R., B.M. Alton, I1.1.. Kyle, and D.V. Hoyt, Total solar it radiance measurements by
I'RB/Nimbus-7. A review of ninc ycars, ,Space Sci. Rev., 48,321 -342, 1988.

Hoyt, D. V. 111, Kyle, J. Il. Iickey, and R.1. Maschhofl, The Nimbus-7 solar total irradiance:
A new algorithi for its derivation, J. Geophys. Res., .97, 51-63,1992.

Iudson, 11 .S, Obscrved viability of the solar luminosity, A nn. Revs. A stron. A strophys., 20,
473-507, 1988.

Hudson, 11. S., S. Silva, M. Wooddard, and R. C. Willson, The cffects of sunspots on solar
irradiance, Solar Physics, 76, 211-218, 1982.

Kuhn, J., K.G. Libbrecht, and R. Dicke, The surface temperature of the Sun and changes in
thesolar constant, Scicnee, 242, 908-911, 1988.

Kyle, 11.1,., D.V.loyt, J.R. Hickey, R.H. Maschhofl, and B.J. Vallete, Nimbus-7 Farth Radia-




tion Budget Calibration listory - Part 1: Thesolar channels, NASA Reference Publ. 1316,
GSIC, Greenbelt, | 993.

Lean, J., Solar UV variations, J. Geophys. Res., 92, 839 -868, 1 987.

Lcan, J,, Variations inthe Sun’s radiative output, Rev. Geoplys., 29, 505-535, 1991.

Lean, J and T.P. Repoll, A statistical analysis of solar {lux variations over time scales of solar
rotation: 1978-1982, J.Geophys. I2., 92, 5555-,1987.

Maltby, P., Ii.11. Avrett, M. Carlsson, Kjeldseth- Moc, R.1.. Kurucz,and R. Looser, New sunspot
umbral model and its Vcnmt]onwith the solar cycle, Ap.J., 306, 284-303, 1986.

Pap, J., variations insolar Lyman alpha irradiance on short time scale, Astron. Astrophys.,
264, 249-259, 1992,

Pap, J. and C. I'téhlich, Multivariate spectral analysis of short- term irradiance variations, In
Proc. Solar Iilectromagnelic Radiation Study for Solar Cycle 22, (eds. 11.17.1 Yonuelly), SEL,
NOAA/ERL, Boulder, 62-7.5, 1992,

Pap, J. and O.R. White, Pancl discussion ontolal solarirradiance variations and the Maunder
Minimum, In Proc. of NA 170 A dvance Rescarch Worvkshop on th ¢ Solar Isngine and ils
Influence on Terrestrial A tmosphere and Climale, (cds. I5. Ribes), Kluwer Academic Press,
in press. 1994,

Pap, J, 1<. Tobiska,and 1). Bouwer, Periodicitics of solar irradiance and solar activity indices,
1., Solar Physics, 129, 165-1 89,1990a.

Pap, J., W.]]. Marquctte, and R.1". Donnelly, Modelling solar irradiances using ground-based
measurcinents, Adv. Space Res. 11, 2 71-275, 1 990b.

Pap, J, J London,and G.A. Rottman, Variability of UV irradiance at Lyman alpha and total
solarirradiance, A st ron. A slrophys., 245, 648-653, 1991.

Pap, J., R.C. Willson, C. Frohlich, R. I'. Donnelly, and .. Puga, Long-term variations in total
so](n ma(lmn((,.Solm Physics, 152, 13-21, 1994.

Pap, 3, A. Ruzmaikin, R. Kariyappa, L. Puga, and R.C. Willson, Is there a phase shift between
the full disk solar magnetic fluxand solar irradiance?, Solar Physics, submitted, 1995.

Priestly, M.I3., A short history of time serics, Paper presentedil 1] e International Conference
on Applicat ions of Time Series Analysis in Astronomy and M cleorology, Padua, Sept. 1993.

Ribes, I5., P. Mein, and A. Mangeney, A large scale meridian circulation in the convection zone,
Nalure, 318, 170-171, 1985.

Scargle, J.1)., Wavclet methods in astronomical time series analysis, Paper presented in the
International Conference on A pplications of 1tme Serics A nalysisin A stronomy and Mel -
orology, Padua, Sept. 1993.

Schilesinger, B. M. and R .1’. Ccbula, Solar variations 197$1987 estimated from an empirical
modecl for changes with time in the sensitivity of the Solar Backscatter Ultraviolet Instrument,
J.Geophys. It., .97, 10119-10134, 1992.

Steinegger, M., 1. Brandt, J. Pap, and W. Schimidt, Sunspot phiotometry and the told solar
irradiance deficit mecasured in 1980 by ACRIM, Astrophys. Space Sei., 1 70, 127-133, 1990.

22




Vigouroux, A. and Ph. 1 )clache, Fourier versus wavelet anal ysis of solar diameter variability,
Astron. Astrophys., 278,607-616, 1 993.

Vigouroux, A. and PPh. Dclache, Sunspot number uncert aintics and parametric representations
of solar activity variations, Solar Physics, 152, 267-274, 1991.

White, ().14., G.J.Rottiman, ‘1'. Woods, S. Keil, W.C. Livingston, K.1°. * lapping, R.I. Donnelly,
and L. Puga, Chanige inthe UV output of the Sun int992 and its effect in thie thermosphere,
J. Geophys. ., 1994.

Willson, R. C., Mcasurcinents of solar total irradiance and its variabili ty, Space Sei. Rev., 38,
203-242, 1984.

Willson, R. C.and 11. S. Hudson, Solar luminosity variations insolar cycle 21, Nalure, 351,
42-44, 1988.

Willson, R.C. and 11. S, Hudson, The Sun’s lumninosity over a complete solar cycle, Nalure, 351,
42-44, 1991.

Willson R.C., S. Gulkis, M. Janssen, 11. S. Hudson, and G.A. Chapinan, Observations of solar
irradiance variability, Scicnce, 211, 700-702, 1981.

23



